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EVIDENCE OF THE BEAM PATTERN CONCEPT OF 

SUBSONIC J E T  NOISE EMISSION 

S. Paul  Pao  and Lucio Maestrello 
Langley Research Center 

SUMMARY 

This study descr ibes  the methods and resu l t s  of a new approach toward positively 
identifying the apparent location and strength of the sound source in a subsonic jet. The 
Green 's  function technique is applied to  regenerate the three-dimensional distribution of 
the acoustic far field f rom measured data  on a two-dimensional plane. The apparent 
sound-source location is also determined by using geometrical ray acoustics. The 
resul ts  revealed a number of features  of the subsonic jet noise mechanisms. They show 
that the apparent sound source is highly localized within the jet flow and that the spon
taneous noise emission f rom such a compact source volume is in the fashion of a nar 
row beam with random directions. These observable properties of the sound field offer 
the basis for  a beam pattern concept of subsonic je t  noise radiation. This study not only 
provides the immediate benefit of new insight into the mechanisms of subsonic noise radi
ation but also verifies a powerful and accurate technique of aerodynamic noise measure
ments. This technique is expected to have important applications in the development of 
je t  noise reduction technology. 

JNTRODUCTION 

The continual requirement for advances in je t  noise reduction h a s  provided a strong 
stimulus for research  in the a r e a  of positive identification of dominant noise production 
mechanisms within the je t  flow. Such work demands a substantial degree of refinement in 
both the experimental and analytical techniques. Several ways of making measurements to  
determine the sound-source location have been used: (a) direct  measurement of the fluc
tuating velocity o r  density within the jet, where the sound-source strength is calculated 
according to theoretical models: (b) c ros s  correlation between measurements of fluctuating 
aerodynamic quantities in the je t  and the acoustic measurements in the far field, where 
sound-source strength distribution is determined by analyzing the c ros s  correlation func
tions: and (c) acoustic measurements near  the jet, where either mechanical o r  analytical 
acoustic imaging techniques are used to recover  the apparent sound-source distribution 
within the jet. The present study belongs to the third category. It attempts to advance the 



state of the art in this area. Some background for  this study is found in references 1 
and 2. 

The acoustic field surrounding a subsonic je t  is an  intricate distribution of wave 
vectors. The sound-pressure fluctuation a t  each point near the je t  is a summation of 
contributions from a large volume of the je t  flow. F rom an experimental point of view, 
both the amplitude and phase information of the received acoustic signal must be resolved 
in order to retain sufficient information to detect the location and strength of the apparent 
sound source in the jet. Mutually independent pointwise measurements commonly chosen 
for  jet noise directivity measurements cannot resolve such details. Some highly success
ful resul ts  in determining apparent sound-source strength distribution are reported in 
references 3 and 4 where m i r r o r  imaging techniques a r e  employed. 

Enough data to provide a comprehensive description of the sound field can be 
obtained through the measurement of the space- time correlation function of the normal 
sound-pressure gradient over an imaginary plane near the jet. Reference 5 presents 
data obtained from such a measurement. That study computed the normal acoustic energy 
flux a t  the plane of measurement near the jet. Although the space- time correlation data 
contain all the necessary information to regenerate a detailed description of the sound 
field surrounding the jet ,  the original data alone cannot convey an intuitive and direct  
impression of the sound emission and propagation process. The basic purpose of this 
study is to retrieve meaningful numerical representations of the sound field surrounding 
this subsonic jet. 

In this study, two methods of data analysis are given. The f i r s t  method is the 
direct  integration approach using the Green's function technique. This approach is cap
able of recovering from the data quantities such as the three-dimensional distribution of 
sound-pressure intensity, the correlation functions of sound pressure in the far field, and 
the visualization of the motion of a statistical wave front. In the second method, a simple 
triangulation technique based on geometrical acoustic considerations is developed. This 
technique is relatively simple although i t  is capable of providing accurate information 
about the apparent sound-source location in the je t  flow and the far-field sound propagation 
patterns. 

This study, by providing positive information about the subsonic jet  noise emission 
pattern, is intended to contribute to research in the a r e a  of j e t  noise reduction. The 
methods of analysis, a description of the existing data, discussion of resul ts ,  and the 
physical evidences leading to the beaming concept of subsonic je t  noise radiation a r e  given 
in the following sections. 
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SYMBOLS 

constant speed of sound 

diameter of jet 

differential correlation function 

distance of separation of two points 

frequency, Hz 

normal direction with respect to plane of measurement 

sound p res su re  

equivalent sound- source distribution 

radial distance 

sound- pre s su re  correlation function 

correlation of intermittency factor 

normal sound-pressure gradient correlation function 

radius measured from jet  axis 

= I x , - Y /  

= Il(x_ + 2) - (y,+ q-
designation of surface in three- dimensional space 

c ros s  spectral  density function of sound p res su re  


c r o s s  spectral  density function of apparent sound source 


c r o s s  spectral  density function of normal sound-pressure gradient 
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S(y),S(q) range of integration for  surface integral 

dS,dS(y),dS(q) infinitesimal surface element 

t time variable 

t' re tarded time variable 

j e t  exit velocity 

V(y),V(v) range of integration for volume integral 

W sound power 

total sound power from je tWt 

(X,Y , Z )  

(X' ,Y ') 

x, 


xj 

Y 

local Cartesian coordinate system 


local two-dimensional coordinate system on plane in far field 


general three-dimensional variable in f ree  space 


distance along axis  of je t  


general two- o r  three-dimensional variable in source region 

N 


dy3,dv3 infinitesimal volume element 

Z '  average direction of ray  bundle 

Y intermittency factor 

A finite differential quantity 

6 infinite s imal  differential quantity 

17 spatial separation distance which takes both positive and negative values 

77 spatial separation vector in source region-
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angle measured in X,Z-plane as measured from X-axis 

spatial separation distance in f a r  field 

spatial separation vector in  far field 

differential correlation coefficients 

delay time variables 

delay time value at which correlation reaches maximum 

azimuth angle in local spherical coordinate systems 

angular variable around circumference of jet 

angle in local spherical coordinate system 

circular frequency 

BASIC ANALYSIS 

The theory of wave propagation s ta tes  that i f  the sound source can be described as 
a known function of space and time, the induced sound field throughout the free  space can 
be computed. In some cases ,  however, the sound source is not known although an equiva
lent mathematical condition can be established. In figure 1, a distributed acoustic source 
is enclosed by a surface S i n  a three-dimensional homogeneous medium. If the time-
varying normal sound-pressure gradient on this surface S induced by the source dis
tribution inside is known, the induced sound field throughout the f ree  space outside of 
the surface S can be computed by using the appropriate Green’s function. Such an 
equivalent representation of the sound source is most useful i n  the case of subsonic jet 
noise measurement because the strength of the aerodynamic sound sources within the jet 
is not yet amenable to direct  measurements. Instead of direct source measiirements, 
equivalent acoustic measurements can be made on a surface within the acoustic field near 
the jet. Figure 2 shows the geometrical arrangement of such a measurement which was  
reported in  reference 5. The surface S becomes simply an infinite plane separating 
the space into two halves: the inner half which contains the subsonic jet exhaust flow 
and the outer half which is source free.  The acoustic data in reference 5 were obtained 
in  the form of space-time correlation functions of the normal sound-pressure gradients 
on this plane. 
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The basic aim of this study is to obtain f rom the data meaningful numerical repre
sentations of the sound field surrounding this subsonic jet. Although the space-time cor
relation functions on the plane contain all the information to regenerate the kinematics of 
the sound field, the original data alone lack the ability to convey an intuitive and direct  
image of the sound emission and propagation process: consequently, further analysis is in 
o r d e n  In this section on basic analysis, the key mathematical tools for extracting useful 
information from the data are discussed. 

The Green's Function Formulation 

Derivation of the integral formulae.- Analytically, the sound field in the source 
f r e e  half-space can be computed from the prescribed data of a normal sound-pressure 
gradient on the data plane if the acoustic process under consideration is deterministic. 
The Green's function of the wave equation satisfying a Neumann boundary condition on 
the plane is used in the integral formula: 

where p is the sound pressure,  c is the speed of sound, is a point in the source 
f ree  half-space, t is the time, dS is an infinitesimal surface element on the data plane, 
y is a point on the data plane, no is the normal to the plane, and the bracket around the-
pressure-gradient function indicates that the function should be evaluated a t  an appro
priate retarded time t'. 

In this study, the sound-pressure fluctuations can be considered as a stationary 
random process. Only the statistical functional values of the sound field can be mean
ingful. An expression which relates  the sound-pressure correlation function to the 
sound- pres  sure  gradient correlation function can be derived: 
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-The value Rpp(X_,t,~)is the sound-pressure correlation function as defined in the half-
space,  R V p v p ( ~ , ~ , ~ * )is the normal sound-pressure gradient correlation function as 
defined over the data plane, x, and y- are the reference points for correlation, -5 
and q are the spatial separation vectors,  dS(y) and dS(77) are the infinitesimal sur-

N 

face elements for  integration on the plane corresponding to the y- and the q variables, 
u 

T is the delay time, and T* is the delay time for the source function where appropriate 
re tarded time relations have been taken into account. 

The right-hand side of equation (2) is a double surface integral; each integral has an  
infinite range of integration over the entire data plane. The y-variable is fixed for the-
integration with respec t  to q. Therefore,  the source function in this f i r s t  s tep of integra
tion is simply a space- time correlation function with respec t  to a single reference point 
on the data plane. Such a space-time correlation function is what is commonly mea
sured in an experiment, A physical interpretation of this f i r s t  integral can be provided. 
Equation (2) is the statist ical  average of the joint contribution of ap/ang from an  infini
tesimal area element a t  y and ap/ano from all over the data  plane, while the function 

N 

(Y,U,T*) helps to reduce the range of integration to an  effectively finite domain onRvpvp  N N 


the data plane. Since all the contributions related to the sound-pressure gradient a t  y

u 


have been taken into account, this f i r s t  integral represents  the total acoustic contribution 
f rom the je t  transmitted through an  infinitesimal area a t  y.  Hence, the subsequent inte-

N 

gration over the y-variable provides the sum of all the contributions from the acoustic-
source as transmitted through this plane. 

In this study, the available data consist of correlation functions measured a t  a 
limited number of reference points in the y-variable. Such data can best  be used for  the-
study of the local sound emission properties a t  various par ts  of the je t  flow. Integration 
over the y-variable is not discussed. Since only one integral in equation (2) is evaluated,-
the equation can best be written in a differential form: 

It is convenient to define 

The quantity D [RPp(x, i,71 is called the differential correlation function and represents  
the acoustic contribution to  the correlation function RpP(x,t,7) f rom a unit area in the- -
neighborhood of the fixed point y on the data  plane.

c1 
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- -  

- -  

For  economy of numerical computation, it is worthwhile to consider the meaning of 
this function. The function DIRpp@,i,~] depends on seven independent variables. Con
s ider  f i r s t  the case  with 5 fixed. The restricted function then depends on four indepen
dent space and t ime variables. In general, th is  differential correlation function represents  
the linear dependence between sound-pressure signals a t  a fixed point and at a variable 
point fo r  all values of t ime delay. In essence, such linear dependence can be classified 
as ei ther  time-like o r  space-like: 

(a) The time-like property of sound-pressure correlation between two points x, 
and 5 + 5 states  that the same acoustic p re s su re  disturbance a r r ives  f i r s t  a t  one-
point xw at t ime t and then at x, + -5 at a la te r  t ime t + T where T =  l i i /c .  The 
differential correlation function is defined as the contribution from a given unit a r e a  on 
the data plane. If - and x- + 5 happen to fall along the path of propagation of the domi-
nant acoustic energy f lux coming through this  unit area, a significant correlation coeffi
cient can be detected at  very large spatial separation distances. 

(b) The space-like property refers to the correlation between the simultaneous V a l 

ue s  of sound pressure a t  x- and x + [. No cause and effect  relation can be established 
between these points because there is no t ime fo r  any acoustic signal to t ravel  from one 
point to another. The linear dependence of the sound p res su re  between and x + 5 at-
T = 0 is a measure of the inherent similarity of the p re s su re  field. In the present case ,  
the inherent similarity resul ts  from the fact that the far-field sound pressure is induced 
by the coherent acoustic energy flux coming through a unit a r e a  of the data plane. Within 
the space and t ime framework, the spatial correlation pattern induced by such an apparent 
sound source propagates outwards in the f r ee  space in exactly the same manner as a wave 
front  produced by a deterministic sound source.  Such analytical similarity can be verified 
through the definitions of equations (1)and (2). Based on these reasons,  the space-like 
correlation pattern of the differential correlation function for  sound pressure in the far 
field can be defined as a statist ical  wave front. 

In physical situations, the general behavior of the differential correlation function repre
sents a mixture of the space-like and the time-like properties of the sound-pressure field. 

The equivalent sound-source distribution. - Under the Green's function formulation, 
i t  is possible to  establish an equivalent sound-source distribution by means of a narrow
band spectral  analysis. If an apparent sound-source distribution q(y,t) can be assumed 
in the jet flow, with q(y,t) being a random function, then a c ross  spectral  density function-
can be defined for  the source distribution function, which can be written as 
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Similarly, one can define a c r o s s  spectral  density function in  the far field, so that 

The functions Spp@,&w) and Sqq(x,?,w) can be related by means of a double integration 
formula i f  the simple wave equation is assumed to hold in spite of the presence of the jet 
flow. This equation can be written as 

where 

The quantities dy3 and dq3 a r e  infinitesimal volume elements, and both of the domains 
of integration V(y) and V(q) a r e  the entire three-dimensional volume over which the 
apparent source function q(x,t) is defined. The c r o s s  spectral  density functions in 
equations (4) and (5) and the Green's function in equation (6) a r e  complex quantities. 

Equation (6) is a multidimensional l inear relationship between Spp(x,$w) and 
Sqq(y_,2,w). In a practical situation, Spp(x,g,w) rather  than Sqq(y,q,o) is more- _  
often measurable. It can either be measured directly o r  derived indirectly from other 
measurable data. For example, Spp(x,i,w) can be computed from the space-time cor
relation function of the normal sound-pressure gradients on the plane mentioned ear l ie r  
in this section: 

with 

The function Svpvp(y,q,w) is a c r o s s  spectral  density function with respect to time 
variable, and a correracion function in all of the spatial variables. Such a function can 
be measured directly in an experiment. The function Spp(z,$,w) evaluated at  5 = 0 
is proportional to the acoustic energy flux normal to the surface S. 
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Equation (6) can be considered as a Fredholm integral equation of the first kind if 
the roles  of known and unknown functions are reversed. In the configuration shown in 
figure 2, the source region and the f a r  field are separated by the plane S; therefore, 

rl and r2 are always greater  than zero.  It follows that the kernel function of the 
Fredholm integral equation is square integrable, and it now appears that this integral 
equation has  a unique solution. This is not the case, however. The unknown function 
Sqq(x,a,w) depends on six spatial variables, with w treated as a fixed parameter.  The 
left-hand side of equation (6) also contains six spatial variables. However, equation (7) 
indicates that Spp(x,<,w) is actually a function of only four independent spatial variables 

N N  

because each of the y and 7 variables on the right-hand side of equation (7) is defined 
N N 

over a two-dimensional surface. A unique solution can be constructed only i f  additional 
conditions are known or  are imposed upon the unknown source distribution function. In 
the case of computing an equivalent distribution of apparent sources,  these conditions are 
arbitrary.  For  example, a unique solution can be obtained from equation (6) if the source 
function is assumed to be an infinitely thin two-dimensional distribution over a conical 
surface enclosing the jet flow. The unknown quantity Sqq(y,q,w) in  equation (6) is now 

U N  

a function of four variables. Physically, this equivalent sound-source distribution is a 
two-dimensional image of the actual three-dimensional sound-source distribution within 
the jet. The sound-source strength is proportional to the acoustic energy flux density 
passing through the conical surface. Another common assumption is the consideration of 
the equivalent source as a line distribution along the axis of the jet. This assumption is a 
special case of the example just given because the axis of the jet can be considered as a 
degenerated conical surface when the apex angle reduces to zero. 

Ray Path Analysis 

Instead of analyzing the wave propagation process  by means of the Green's function 
formulation, a study of the delay time relation in the space-time correlation data can pro
vide useful information about the geometrical s t ructure  of the acoustic field near the 
subsonic jet. A correlation function of acoustic signals between a fixed point x, and any 
given point x, + 5 is a function of the delay t ime T. The geometrical configuration is 

N 

shown in figure 3, and the definition of correlation functions can be found in equation (2). 
The delay t ime at which the correlation function reaches its maximum is designated at 

'max. This time of arr ival  of the maximum correlation value can be interpreted as the 
difference in time for a statistical wave front emanated from the jet to touch the points 
5 and x + 5. Since such a statistical wave front t ravels  at the speed of sound in the free 

- N 

field, the direction of travel of this statistical wave front can be computed by means of a 
simple equation: 

8 = cos-l(_a) 
(9)

'max 
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spatial domain also has a large correlation range in the t ime domain. The group of cor
relation curves with the spatial separation in the Y-direction in figure 5 are given only 
for  positive values of q. Measurements in reference 1had shown that the correlation 
patterns were symmetric with respect to the X,Z-plane. For the data at station 1, the 
correlation range for each of the chosen directions is approximately the same. As mea
surement proceeded from one station to another, the correlation range in the Y-direction 
remained approximately the same; however, the correlation range changed significantly in 
the X-direction. Figure 6 shows three groups of correlation curves with separation dis
tances in  the X-direction for  stations 3, 5, and 7. The range of correlation increases  
progressively from the upstream stations to the downstream stations. Figure 7 shows 
the entire s e t  of data f rom station 9. The great  disparity of correlation range in the 
X-direction and the Y-direction can easily be noted. Significant correlation values 
remain observable for  separation distances of more  than 15 diameters along the positive 
X-axis. The continual elongation of the X-direction correlation range can be explained 
later in  this paper when the concept of beam pattern radiation of jet noise is introduced. 

Although the above-mentioned figures contain sufficient information to describe the 
propagation of sound near  the jet, these figures lack the ability to convey an intuitive visual 
impression to the reader.  There is a better way of data presentation for  the purpose of 
visualization. The correlation function can be given in t e r m s  of spatial contours at a 
fixed value for  delay time. The data set ,  as obtained at station 8, is presented in  the form 
of such spatial contours in figure 8. This figure contains four s e t s  of spatial contours at 
T = -0.2, 0.0, 0.6, and 1.4 milliseconds shown from left to right in the order  of increasing 
delay time. This figure shows contours which represent negative values of the correlation 
function as dotted lines. If each set  of spatial contours of the correlation function is con
sidered as a statistical wave front (discussed in the previous section), then figure 8 
i l lustrates the propagation of such a statist ical  wave front from upstream to downstream 
along the data plane. The center of the statistical wave front touches the origin of the 
local coordinate system at T = 0. The shape of the statist ical  wave front appears to 
spread out and form a circular  a r c  as the delay t ime approaches l a rge r  values. 

DISCUSSION OF FtESULTS 

Sound-Source Location 

Construction of the ray bundle.- The method of ray path analysis is a simple way to 
find the apparent sound-source location by means of the measured space-time correlation 
function of the normal sound-pressure gradient on an imaginary plane near  the subsonic 
jet. For data sets such as those shown in figures 5 and 7, one geometrical acoustic ray 
can be constructed from each t ime correlation function at a given spatial separation. All 
the r ays  at one station form a bundle. The ray bundles at stations 3 and 8 are shown in 
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figures 9 and 10, respectively. Figure 9 shows the r a y s  reconstructed at points along the 
X-axis and the Y-axis in the local coordinates at station 3. For the bundle along the 
X-direction, the r a y s  converge to a very small  region within the jet directly opposite to 
the location of station 3. The bundle along the Y-direction also has a remarkably sha rp '  
convergence to a small  region. These two bundles can be fitted together to form a three-
dimensional bundle which is illustrated by the sketch in  figure 9. Only the ray bundle 
along the X-direction is shown in figure 10. In this case, the bundle converges to a some
what l a rge r  region in the jet. Figure 10 demonstrates the significant point that the 
location of the apparent source region within the jet is far upstream from the reference 
point at station 8. Table I shows that station 8 is located at 16.65 diameters downstream 
from the nozzle exit, while the average location of the apparent source region is approx
imately 8.8 diameters from the nozzle exit. 

As these figures show, there  is some random deviation in the ray direction. Only 
the average direction of the ray bundle is meaningful. After constructing all the ray bun
dles for  all the stations, parameters  related to the geometrical configuration of the ray 
bundles (average direction, average location, and approximate length of the region of 
convergence, etc.) have been obtained and a r e  summarized in table I. Figure 11 shows 
the average ray bundle direction for all the stations and the outline of the ray bundle for 
every third station. It is obvious from this figure that there  is continuous variation of the 
noise emission pattern from different par ts  of the jet mixing flow. 

For each of the 10 stations the ray bundle converges to a relatively small  region in 
the jet flow. The convergence is a strong indication that the dominant part  of the acoustic 
energy reaching the plane of measurement originates from small  volumes of coherent ran
dom sound sources. A quantitative analysis of the apparent source strength distribution 
f o r  each of the ray bundles can be done, in principle, according to ear l ier  discussions 
concerning the Green's function formulation. However, such an analysis is not included 
in this study; an indirect estimate of the apparent source strength distribution is discussed 
in  the following section. 

In reference 6, Maestrello and McDaid analyzed the narrow-band acoustic energy 
flux vectors near a subsonic jet according to measurements obtained in the neighborhood 
of one reference point. The reader  may be interested in referring to this previous work 
for  comparison with the present results. 

Comparison with the m i r r o r- technique.- The normal acoustic energy flux along the-

plane of measurement was previously computed in reference 5 based on the experimental 
values of Rvpvp(z,r,,~). With a further assumption of symmetry about the axis of the jet, 
the apparent source strength distribution per unit length of the jet was computed by mul
tiplying the acoustic energy flux density by the a r e a  of a ring segment of the conical sur
face which is generated by rotating the plane of measurement around the axis of the jet. 

14 






radial  vorticity component about a radius where the mean intermittency signal is 50 per
cent turbulent. Such data were taken at two stations downstream of the nozzle at 
x .  	D =  4 and ?/D = 8; the resul ts  a r e  shown in figure 13. 

I /  
The correlation is of appreciable amplitude only over azimuth angles of about loo 

i n  either the +@* o r  -@* directions. Although this  result  does not describe a com
plete source element in the jet, it does support the view that the t rue  sources a r e  local
ized and uncorrelated over large azimuthal angular separations. This result  again 
supports the view that localized sources i n  the flow produce the sound field. 

Immediately outside the jet, the p re s su re  fluctuations can be thought of as associated 
with the vorticity in the flow. Microphone correlation measurements over @* for  
x
j /  

D = 2 and x.JiD = 4 are shown in figure 14. At 90°, the correlation level drops to 
0.4 of the peak value, and becomes very small  beyond 1200. It is not surprising that the 
p re s su re  correlates over a greater angle because the microphones may receive signals 
from sources at a distance, where the propagation effects naturally broaden the correla
tion distance. One interesting aspect of the p re s su re  measurement is that the peak of 
correlation for all angles occurs at zero t ime delay. This evidence tends to rule  out the 
possibility of dominant spiral  modes in  the flow. In a recent paper by Michalke and Fuche 
(ref.  8), s imilar  observations and conclusions were reported. Additional evidence that the 
p re s su re  about the jet is not fully correlated around the circumferential direction was 
reported by Liu, Maestrello, and Gunzburger (ref. 9). 

Statistical Nature of the Sound Field 

The__- far-field distribution of the mean square sound pressure.- A highly descriptive 
numerical result  is the distribution of DcRpp(~,O,O)l in the far field. The result  is the 
mean square p re s su re  distribution as induced by the acoustic energy flux coming through 
a unit a r e a  on the data plane at a reference station. The contour plots of D[Rpp(x 0 0)IMY 

in  the X,Z-plane for  all the odd number stations a r e  shown in figure 15. The values of the 
contour are given in physical units, and the coordinates are given in t e r m s  of X/D and 
Z/D. The general direction of wave propagation agrees  very well with the ray path 
analysis. If the sound wave passing through each station is assumed to originate from the 
t ip of the corresponding ray bundle, the distribution of DIRpp(~,O,O] follows the inverse 
square law rather accurately. 

In a previous paper describing the initial resul ts  of this study (ref. l),some negative 
values of D[Rpp(x,,O,O)] were noted in the computed resul ts  following directly from the 
application of equation (3). An example is shown in figure 16. There a r e  two possible 
causes for  the presence of such negative values: 
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(a) The value of DIRpp(~,O,O)] is a summation over all the data at each station. 
Theoretically, the integral should always have a positive value. If the data a r e  imperfect, 
the numerical integrations need not be positive. 

(b) The acoustic signal is taken within a frequency band of approximately one decade. 
The phase effect of such data may have resulted in the appearance of the negative loops. 

Further investigation into the numerical details revealed that the actual value of 

D[Rpp(~,O,-r)1 is shifted slightly in time. The average t ime shift is approximately 
120 microsezc-ds ,  while the actual value depends on the radial  distance of the point under 
consideration. A typical example is shown in figure 17. Such a time shift is very prob
ably a direct result  of data imperfection compounded by the strong modulation of the cor
relation function which was caused by the band limitation of the original acoustic signal. 

The direction of flow of the dominant portion of acoustic energy can be determined 
roughly from the distribution of DLRpp(z,O,O,I. On a point-by-point basis, the local wave 
propagation direction can be determined rigorously by computing the maximum of the 
local pressure-gradient correlation function. An integral formula for such computation 
can be readily derived from equations (1) and (2) by differentiating the entire equation 
with respect to the direction of the desired component of p re s su re  gradient. However, the 

which is aformula would involve a second t ime derivative of the function R V p V p ( ~ , ~ , ~ )
W N  

measured quantity. Hence, the numerical accuracy of such computation is questionable. 

-The correlation relations of -sound p res su re  in the far field.- The c ross  correlation 
function of sound p res su re  provides a quantitative measure of the linear dependence of the 
acoustic signal at different points. The normalized form of the differential c ros s  cor
relation function provides a convenient way to study the statistical structure of the induced 
sound-pressure field. The normalization can take two different forms:  

f \ - 1  

and 

The first definition is a normalization of the differential correlation amplitude with respect 
to its maximum value at the reference point. The second definition has taken into account 
the local maximum amplitude at both points as involved in the c ros s  correlation. The 
second definition is preferred from a physical standpoint. 

A typical set of reconstructed differential correlation functions are shown in fig
u r e  18, which a r e  based on the data at station 5. The reference point and the variable 
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interval. A curve for  cos4 @ is shown in both figures for comparison. This particular 
function was chosen because it represents  the directivity of an idealized quadrupole. 
Figure 20 shows that the average shape of p 

0
( X , , @ , T ~ ~ )is substantially narrower than 

cos4 @. The angular span between the points where the differential correlation coefficient 
reaches 0.5 is approximately 25'. Figure 21 shows that the value of pl(x,@,~maX)-
initially follows the cos4 q5 curve, but then i t  goes above this curve for larger  values 
of @. The angular span between the points P ~ ( X , @ , T ~ ~ )- = 0.5 is approximately 35'. 

A particular set of computations based on the data at station 8 was obtained in o rde r  
to show the statistical structure of the p re s su re  field on a plane which is perpendicular 
to the average ray bundle direction. At station 8, the average direction of the ray bundle 
is 33O from the data plane. The reference point of correlation is chosen as 100 diameters 
away from the origin. The plane in which 5 var i e s  is tangent to the coordinate sphere 

w 

passing through the reference point. Local coordinates are given on this plane in o rde r  
to fix i t s  orientation with respect to the Cartesian coordinate system at station 8. The 
XI-axis lies within the X,Z-plane, and i t  points in the general downstream direction of 
the jet. The Y'-axis  is normal to the X,Z-plane. In figure 22,  two groups of curves a r e  
shown. At each point in this plane, the maximum correlation amplitude a r r ives  at a 

~ .specific delay time T ~ The contours of constant t ime of arr ival  a r e  given as the 
dashed lines in figure 22. Note that this group of contours forms a set  of almost perfect 
concentric c i rc les  around the origin. This formation is typical of the t r aces  produced by 
the passage of a spherical wave front through the plane. In particular, the direction of 
propagation is perpendicular to this X',Y'-plane. The other se t  of contours, as shown in 
solid lines, denotes the distribution of the maximum value of the differential correlation 
function D(Rpp(~.$'r)]. This second se t  of contours shows that the amplitude of co r re 
lation is directionally dependent. In general, the correlation amplitude decreases  
rapidly with increasing spatial separation in the XI-direction; such a decreasing trend 
is somewhat slower in  other directions on the plane. 

Figure 23 shows another view of D Rpp(x 5 ~ f l  in the far field. The differentialI -'..?_I 

correlation function is computed with a fixed reference point A and a fixed delay time 
7 = 1.0 millisecond. The value of 5 is restricted to the X,Z-plane within an annular sec-

N 

tor  as shown by the heavy dashed line in figure 23. As previously discussed, the spatial 
correlation contours can be considered as a statist ical  wave front. In this case, the sta
tist ical  wave front is induced by the acoustic energy flux from a unit area on the data plane. 
Since the point A is chosen as the reference point, this statist ical  wave front reaches A at  
T = 0. It moves away into the far field as T increases.  The a r c  F-F would indicate 
the position of the correlation contour pattern i f  it is computed at a delay t ime somewhat 
greater  than 1.0 millisecond. The average position of this correlation contour pattern 
is approximately 35 diameters away from station 8. Remarkably, i t s  shape is nearly 
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. 	circular  within a short  distance from the jet flow. This is a strong indication that coher
ent sound sources in  the jet are highly localized. 

The beam pattern concept,- The above analysis allows a number of new features of 
jet noise mechanisms to be confirmed. First of all, the location of the apparent sound 
sources can be determined accurately. The source region within the jet responsible for  
the emission of correlated sound in the far field appears to be highly localized. Further
more,  the sound p res su re  in  the far field is correlated within a narrow conical domain. 
This domain can be referred to as a beam pattern. This use of the t e r m  "beam pattern" 
differs from conventional usage where the width of the beam is normally defined accord
ing to the acoustic intensity. In the present case,  the statist ical  beam width is defined 
according to the value of the differential correlation coefficient ac ross  the beam. 

Both the correlation measurements and the statist ical  properties derived from the 
data provide strong evidence that some order  does exist in  the random acoustic field near 
a subsonic jet. Since assumptions drastically contrary to existing theories of jet noise 
a r e  unnecessary, the following physical model of subsonic jet  noise radiation can be 
postulated. 

J e t  noise is radiated from localized volumes of correlated turbulence within the jet 
flow. Within a given short period of time, the coherent noise radiation is pointed mainly 
in one direction in the fashion of a narrow beam. However, the direction of the beam 
from such a radiating volume is random in time. Therefore,  the commonly measured 
smooth directivity pattern is an envelope of a large number of such narrow beams. 

The t ime randomness of the beam pattern is simply a reminder of known properties 
of turbulence. Since the correlation functions a r e  measured by means of a time averaging 
process,  the time randomness property is not distinguishable in  experimental measure
ments. It is important to point out such a possibility since the common emphasis in the 
l i terature for  the purpose of explaining the structure of the acoustic f a r  field is placed on 
the spatial randomness of the distribution of turbulence. With the assumption of t ime 
randomness, the s ize  of the spatially coherent sound-source volume can either be large 
o r  small  while the overall directivity as produced by such sound sources can remain 
compatible with known experimental evidences, 

Such a description of jet noise radiation mechanism is also consistent with the con
cept of a turbulent quadrupole. In jet noise theories, the overall contribution from all 
components of the quadrupole tensor to a point in  the f a r  field is equivalent to a single 
longitudinal quadrupole pointing in the direction of the receiver.  As the data analysis 
has  shown, the directivity of the narrow beam pattern is indeed close to the shape of 
COS^ +. 

An immediate application of the beam pattern concept is the provision of a physical 
interpretation of the properties of the original space-time correlation data of the normal 
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sound-pressure gradient on a plane near the jet. For the upstream stations, the direction 
of the beam pattern is almost perpendicular to the plane. Hence, the correlation patterns 
on the plane represent the relatively short  space-like correlation range ac ross  the narrow 
beam. For the downstream stations, the direction of the beam makes a very small  angle 
with the surface of the plane. The statist ical  wave front within the narrow beam propa
gates from one end of the plane to another sweeping out into a much elongated correlation 
pattern along the X-direction. 

The beam pattern concept together with the methods of analysis described in  this  
study should aid the development of techniques to observe further details of the sound-
source structure within the jet. 

CONCLUDING REMARKS 

By using a new approach in analysis, the information retrieved from measured 
space-time correlation functions of the normal sound-pressure gradient on an imaginary 
plane near a subsonic jet has  suggested the following conclusions: 

1. The apparent origin of coherent sound emission within the jet flow is localized. 

2 .  The apparent sound-source location can be determined accurately by reconstruct
ing a geometrical acoustic ray bundle at each station of acoustic measurements. Each of 
the ray bundles converges to a specific region in the jet flow. The average direction of 
the ray path var ies  continuously from station to station. The most important conclusions 
here  are:  (a) in  the near field, the acoustic energy flux is not normal to the jet boundary, 
and (b) the apparent sound-source locations in the jet may lie at a point significantly far 
upstream from the reference point where the acoustic measurements were made. 

3. Within the reconstructed sound-pressure field far away from the plane of measure
ment, the sound p res su re  is correlated only between points confined within a conical region 
surrounding the average direction along which the dominant portion of the acoustic energy 
flux is transmitted. The reconstructed sound-pressure distribution mentioned above is 
induced by the acoustic energy flux passing through a unit a r e a  on the data plane. The 
distribution of the correlation coefficient within this conical region is very s imilar  to 
one produced by a longitudinal quadrupole pointing along the axis of the conical region. 

4. The definition of the reconstructed sound-pressure field permits  the spatial con
tours  of the reconstructed differential correlation function to be considered as a statistical 
wave front. The computed motion of such statist ical  wave fronts can provide valuable 
insight into the process  of sound propagation near the jet. 

5. A physical model of subsonic jet noise radiation can be postulated according to 
the observable mechanisms of jet noise emission as obtained in this study. Jet noise is 
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radiated from localized volumes of correlated turbulence within the jet flow. Within a 
given short period of time, the coherent noise radiation is pointed mainly in one direction 
in the fashion of a narrow beam. However, the direction of the beam from such a radiating 
volume is random in time. Therefore, the commonly measured smooth directivity pat
t e rn  is an envelope of a la rge  number of such narrow beams. 

Since the data of the space-time correlation measurement cover 10 stations located 
between 0 to 20 diameters  downstream f rom the nozzle exit, continuous variation of the 
local noise emission pattern along the jet is clearly visible from the reconstructed infor
mation concerning the sound field. The present technique of analysis has  proven to be a 
dependable practical method for  comprehensive studies of sound emission mechanisms in 
the noise production region of the jet. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, Va. 23665 
December 5, 1975 
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TABLE 1.- STATION COORDINATES AND THE LOCATION 

OF APPARENT SOURCES 

0 1 2 3 4 5 6 7 8 9 

0.0 0.945 1.87 3.72 5.54 7.42 9.25 12.98 16.65 20.56 
5.0 5.29 5.58 6.16 6.73 7.32 7.88 9.05 10.20 11.42 

direction . . . . . 98' 99' l ooo  99O 89' 82' 72' 59O 51' 47 O  
. .  .-. --. . 

33O 34O 35O 32' 34O 40' 26' 24' 17' 14' 
_ _  _ _  . .  

0.8 1.4 2.4 4.8 5.7 6.4 6.8 8.3 8.8 9.5 

1.o 1.5 2.0 1.2 1.0 1.3 2.0 2.5 3.0 3.0 
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Figure 1. - Sketch for the general Green's function formulation. 
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Figure 2.- Sketch for the Green's function formulation for this study. 
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Figure 3. - Sketch of ray path reconstruction. 
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Figure 4.- Setup of pressure-gradient microphone measurements near subsonic jet. 
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Figure 5.- Space-time correlation functions of the sound-pressure gradient a t  station 1. 
Spatial separation is measured along (a) Y-axis; (b) 45O-direction; and (c) X-axis. 
Units are measured in 10-l' N2/cm6. 
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Figure 6 . - Evolution of space-time correlation function from station 3 to station 7. 
The spatial separation is measured along the X-axis. Units a r e  measured in 
10-l' N2/crn6. 
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Figure 7.- Space-time correlation functions of sound-pressure gradient at station 9. Spatial separation 11 is 
measured along (a) Y-axis: (b) 45' ray; and (c) X-axis. Units a r e  measured in 10-l' N 2 / 0 6 .  
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Figure 8.- Contours of equal sound-pressure gradient correlation on data plane at station 8. Contours are shown at  
four time delays 7 = -0.2, 0.0, 0.6, and 1.4 ms. Units a r e  measured in 10-l' N2/cm 6. 
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Figure 9.- Ray bundle reconstruction at station 3.  
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Figure 10.- Ray bundle reconstruction at  station 8 as shown on meridian plane of jet. 
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Figure 11.- Average ray direction and ray bundle patterns for stations 0 to 9. 
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Figure 12.- Contours of constant acoustic power along plane of acoustic measurement, d 
contours a r e  normalized to total sound power of jet. 
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Figure 13. I Measurement of intermittency correlation coefficient around jet. 
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Figure 15.- Reconstructed far-field sound-pressure intensity distribution transmission though a unit 
area at stations 1, 3 ,  5, 7, and 9. Time shift correction was included. The unit on the contours is 
10-10 $/cm'. 
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Figure 16.- Reconstructed far-field sound-pressure intensity distribution near station 9 without time shift 

correction. Units are me,asured in 10-l' N2/cm6. 
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Figure 22. - Contours of amplitude and t ime of a r r iva l  of maximum sound-pressure 
correlation on plane normal to ray bundle axis. This computation is based on data 
f rom station 8. Units are measured in 10-loN2/cm6. 

46 


I 




/ 

kr F/ /
/’ \

\-- / 

L- 0 
0 

300 cni L’ 

Figure 23.- Correlation contours D:Rpp(A, [,.)I at fixed delay time T = 1.0 ms. 
Units a r e  measured i i  lom1’ N2/cms. 
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